Introduction
Pentaerythritolacrylates (PEAs) are among typical acrylic oligomers utilized as ultraviolet-or electron-curable coatings, adhesives, crosslinking agents, modifiers for various resins and so on. PEA is industrially synthesized through esterification between the tetrafunctional alcohol, pentaerythritol and excess amounts of acrylic acid. The PEA thus obtained consists mainly of various homologues containing different numbers of acryloyl groups. In addition, many kinds of by-products, which are formed by undesirable reactions such as Michael addition between reactive acryloyl groups and residual hydroxyl/carboxylic groups, might be included to varying extents. The relative amounts of these minor components should considerably influence the characteristics of the cured resins with PEA, such as mechanical strength and abrasionresistance. Therefore, detailed compositional analysis of PEA is required even for the minor components.
The compositional analyses of oligomer samples are generally carried out by chromatographic methods. However, it is hard to determine less-volatile oligomeric components directly by gas chromatography (GC), whereas high-resolution analysis of trace constituents in the range of oligomers is often difficult by liquid chromatography (LC), mainly because of its insufficient resolution.
On the other hand, supercritical fluid chromatography (SFC) is often suitable to separate the oligomeric mixtures with a wide range of boiling points. So far, SFC has been applied to the separation of various polymer homologues in the oligomer region. [1] [2] [3] Moreover, packed-column SFC has been also applied to prepare so-called uniform polymers with definite molecular weight 2,4-6 because the easily vaporizable carbon dioxide (CO2) mobile phase generally utilized in SFC is suitable for the preparative procedure.
However, it has been difficult to characterize the complex mixtures of industrially available acrylic oligomers even by SFC mainly because of the presence of various kinds of by-products with wide ranges of polarity and molecular weight.
In order to separate components in a given complex mixture by SFC, the solvent strength in supercritical condition is often dynamically changed during the chromatographic process by increasing the density of the mobile phase using temperature programming and/or solvent (modifier) gradient as well as the pressure programming. 1, 7 In the case of the temperature programming SFC, where the density of mobile phase is increased by cooling down, it is reported that the elution behavior of the sample components is greatly influenced by the experimental conditions, such as initial column temperature, cooling rate, and mobile phase composition. On the other hand, as for the modifier gradient in SFC, in which both density and polarity of mobile phase are generally raised by increasing the concentration of modifiers such as alcohols and acetonitrile added to the mobile phase (mostly CO2), 8, 9 the degree of compositional gradient and the column temperature are critical for the separation behavior along with the pressure and the flow rate of the mobile phase. 1 In this work, the experimental conditions for SFC of a complex PEA sample were systematically optimized either in temperature programming or modifier gradient mode in order to determine the detailed composition including the minor byproducts precisely. Acrylic oligomers such as pentaerythritolacrylates (PEA), which are often utilized in the field of functionalized materials, generally consist of very complex homologous series. In this work, measuring conditions for packed-column supercritical fluid chromatographic separation of a complex PEA sample manufactured industrially were systematically examined using temperature programming or modifier gradient technique. Under the conditions thus optimized, not only the main components, PEA homologues containing different number of acryloyl groups, but also trace constituents such as their by-products formed through Michael addition reactions were favorably resolved on the resulting chromatograms. The fact that the coefficient of variation (CV) for relative intensity of each peak was approximately 3 -6% even for the minor components suggested that detailed compositional analysis of PEAs could be performed precisely by the proposed method. 
Experimental

PEA sample
Commercially manufactured PEA (Toagosei Co., Ltd.) is used as the oligomer sample. The PEA sample should mainly consist of the pentaerythritolacrylates with different numbers of acryloyl groups, such as tetraacrylate, triacrylate, and diacrylate. In addition, its NMR spectrum suggested that various minor byproducts, mostly caused by the Michael addition reaction between reactive acryloyl groups and residual hydroxyl/carboxylic groups, might coexist in the PEA sample. Scheme 1 shows the possible formation mechanism of the byproducts formed through the Michael addition for the PEA sample. Figure 1 shows the schematic flow diagram of the SFC system utilized in this work. The system consists of a liquid CO2 reservoir (A), a thermostat coolant supplier (B), a modifier reservoir (C), a supercritical fluid pumping system [SUPER-201 system 2 (JASCO Corporation) (D)], a GC oven (HP4890, Hewlett-Packard) feasible for negative temperature programming (from higher to lower temperatures) (E), a multiwavelength UV detector [MD-910, JASCO Corporation (F)] to provide the structural information of the constituent, a back pressure regulator (G) to maintain the upstream supercritical state, and a final drain reservoir (H). Here, the detection range of the UV wavelength was set between 200 and 300 nm and the peak area was obtained by integrating through this wave band. The packed separation column used was SFC pak SIL-5 (JASCO Corporation), 4.6 mm i.d. × 250 mm long packed with silica gel (5 µm particles). Carbon dioxide (purity: 99.6%) added with 9 -38 vol% of ethanol (special grade, Wako Pure Chemical Industries, Ltd.) was used as the mobile phase. The pressure at the outlet of the column was kept at 20 MPa by the back-pressure regulator (G). An aliquot (3 µL) of PEA sample solution (50 mg/mL in dichrolomethane) was injected from the injection port on the column oven (E).
SFC conditions
As for the temperature programming mode, the SFC conditions were optimized by changing the initial column temperature (80 -130˚C), the cooling rate, and the mobile phase composition. Here, the final column temperature was set at 40˚C to keep a stable supercritical condition.
As for the modifier gradient mode, the effects of the degree of compositional gradient and the column temperature on the elution behavior were investigated under the isothermal SFC conditions between 100 and 110˚C. Here, ethanol content in the mobile phase was linearly increased from the initial mobile phase composition at CO2:C2H5OH = 4.0(mL/min):0.5(mL/min) while keeping the total flow rate at 4.5 mL/min.
NMR conditions for the analysis of SFC fractions
SFC fractionation was carried out to characterize the peaks in the SFC chromatogram by NMR measurement of the SFC fractions. The SFC system and reagents used as mobile phase were mentioned above. The preparative column used was was injected. Here, the mobile phase composition was fixed at CO2:C2H5OH = 8.0:0.8 in the liquid flow rate (mL/min) base, the initial temperature of 120˚C, and the column cooling rate at 3.0˚C/min. These conditions using temperature programming were determined by optimizing parameters according to the same approach mentioned below.
1 H NMR spectra of the SFC fractions were measured in CDCl3 at ambient temperature on a JNM-EX 270 (JEOL Co. Ltd.) spectrometer operated at 270 MHz.
Results and Discussion
SFC measurements in temperature programming mode
It is well-known that the capacity ratio (k′) of a given solute in SFC often significantly changes depending on the column temperature. 1, 7 Figure 2 shows SFC chromatograms of the PEA sample using temperature programming mode from 110˚C to 40˚C at (A) cooling rate of 3.0˚C/min under the mobile phase composition at CO2:C2H5OH = 3.0:0.5, (B) 1.0˚C/min at CO2: C2H5OH = 3.0:0.5, and (C) 1.0˚C/min at CO2:C2H5OH = 4.0:0.5. Table 1 shows the peak assignment for the main components (peaks 1 -3) confirmed by the 1 H NMR spectra of the corresponding fractions.
These proved to be PEA homologues containing tetra-, tri-, and diacryloyl groups, respectively, which eluted in the order of their polarities. The other minor components (peaks a -h) observed could be attributed to the Michael addition products shown in Scheme 1, although the NMR confirmation of the individual fractions was not successful because of their minute amounts. The peak b was estimated to be the aromatic compound derived from ptoluenesulfonic acid used as acidic catalyst by both 1 H NMR spectra and UV spectra of the corresponding fractions. On the other hand, the peaks c -e were estimated to be the adducts between one acrylic acid molecule and main components like type A in Scheme 1 by both 1 H NMR spectra and the elution behavior of the corresponding fractions, and similarly the peaks f -h to be the adducts between main components formed by self-addition like type B in Scheme 1.
Here, we tried firstly to optimize the initial column temperature from 80˚C to 130˚C while setting the final column temperature at 40˚C in the temperature programming SFC experiment for the PEA sample by fixing the other parameters; the mobile phase composition was fixed at CO2:C2H5OH = 3.0:0.5 in the liquid flow rate (mL/min) base, and the column cooling rate at 3.0˚C/min; these are the typical conditions for the 4.6 mm i.d. × 250 mm SFC separation column. The retention of the PEA components was too small to separate them sufficiently at the initial temperature of 80˚C, while their retention time increased at higher initial column temperatures to cause apparently better separation. However, because the influences of the change in the initial temperature on the elution behavior were slightly different between products depending on their chemical nature, some components incidentally overlapped when the initial temperature was 130˚C, while they were clearly separated at 110˚C. Accordingly, 110˚C was adopted as the optimal initial column temperature for temperature programming SFC of the PEA sample.
However, as shown in Fig. 2(A) , even under this condition, the observed peak separation was not necessarily perfect because peaks 3 and e partly overlapped in the chromatogram. Therefore, the effect of cooling rate was examined from 0.5˚C/min to 3.0˚C/min to obtain better separation of the PEA sample in the negative temperature programming mode. As was expected, the components eluted more slowly at lower cooling rates, which sometimes resulted in improved peak separation. In fact, peaks 3 and e were completely separated at slower cooling rates: 0.5˚C/min and 1.0˚C/min as shown in Fig. 2(B) . Here, the cooling rate of 1.0˚C/min was selected to be favorable because the faster separation was achieved at 1.0˚C/min than at 0.5˚C/min, while the comparably resolved chromatograms were observed under the both conditions. As shown in Fig. 2(B) , the observed shape of peak e under this condition suggested that multiple components were contained in this peak.
Consequently, the effect of mobile phase composition was further examined to achieve their separation by varying the flow rate of CO2 from 3.0 to 5.0 mL/min while fixing that of the modifier (ethanol) at 0.5 mL/min under the initial column temperature at 110˚C and the cooling rate at 1.0˚C/min. In general, it is known that the components elute more slowly at lower concentrations of the modifier, which results in the increases in both the density and polarity of mobile phase. Therefore, the peak intervals became wider with the lower content of the modifier, resulting in better separation. However, peak widths became too wide to determine trace components precisely at the smaller ratio of the modifier: CO2:C2H5OH = 5.0:0.5. Therefore, as shown in Fig. 2(C) , the most suitable conditions for the PEA sample using temperature programming mode are empirically decided as: the mobile phase composition of CO2:C2H5OH = 4.0:0.5, the initial column temperature of 110˚C and the rate of cooling of 1.0˚C/min in the given SFC system.
The SFC measurements of the PEA sample under thus optimized condition in the temperature programming mode were repeated 5 times (n = 5) to take data for reproducibility. Table 2 summarizes the observed reproducibility as the coefficient of variation (CV) values for relative peak area of each component (peaks 1 -3 and a -h), which were within 3% for the main components and within approximately 3 -6% even for the trace constituents.
SFC experiment using mobile phase modifier gradient technique
Similarly to the temperature programming mode in SFC, the modifier gradient one, where the concentration of a modifier in the mobile phase is gradually changed is reported to be effective to get better separation. 1, 10 Here, we tried to optimize experimental conditions for the modifier gradient for the PEA sample. The effect of the degree of gradient was first investigated under the isothermal column condition at 110˚C, which was the most suitable initial column temperature in the temperature programming technique. Then, the effect of the column temperature was examined in the modifier gradient mode. Figure 3 shows SFC chromatograms of the PEA sample using modifier gradient mode while keeping a total flow rate of 4. However, larger compositional gradients caused a severe baseline drift because of some UV absorption of ethanol modifier, 11 as shown typically in Fig. 3(A) , whereas almost all the components were well-resolved with negligible baseline drift under the compositional gradient of CO2:C2H5OH from 4.0:0.5 to 3.3:1.2 as shown in Fig. 3(B) .
Even under this gradient conditions, the observed peak separation was still partially incomplete: e.g., peaks 2 and c in Fig. 3(B) slightly overlapped.
Therefore, the column temperature was finally examined from 100˚C to 110˚C in the modifier gradient SFC of the PEA sample under the optimized gradient decided in Fig. 3(B) . Interestingly, the elution behavior observed for each constituent considerably changed even by the slight difference in the column temperature under the modifier gradient SFC. In addition to slight overlapping of peaks 2 and c, peak e showed apparently a single peak in Fig. 3(B) at 110˚C, which evidently contained at least two components as shown in the previous section, while peaks 3 and e overlapped completely and peaks 1 and b were not well-resolved at 100˚C. On the other hand, all the constituents were almost completely resolved at 105˚C, as shown in Fig. 3(C) , where peak e is observed as a clear doublet. Thus, in the given SFC system using modifier gradient mode, the optimal column temperature for the PEA sample was empirically decided as 105˚C under the optimized gradient of CO2:C2H5OH from 4.0:0.5 (initial) to 3.3:1.2 (15 min) in the liquid flow rate (mL/min) base while keeping the total flow rate at 4.5 mL/min.
As for the PEA sample examined in this work, almost all the components can be well-resolved by using either technique, because of its fairly limited molecular weight distribution. However, simultaneous use of both programming techniques might be effective for SFC separation of oligomeric and/or polymeric samples with much wider molecular weight range. The method of synthesis and the process control during the PEA production in the manufacture could be evaluated by characterizing the trace amounts of by-products combining SFC with a spectroscopic method such as FT-IR, MS and NMR. Such further studies are currently in progress.
Conclusion
Under the optimized conditions for temperature programming and modifier gradient mode SFC, not only the main components of PEA homologues containing different number of acryloyl groups but also trace constituents such as the by-products formed through Michael addition reactions were favorably resolved on the obtained chromatograms. The fact that the coefficient of variation (CV) for relative intensity of each peak was approximately 3 -6% even for the minor components suggests that compositional analysis of the PEA sample could be performed precisely by SFC. Compared with the modifier gradient mode, the time required for resetting into the initial conditions after a previous SFC measurement can be shortened in the temperature programming technique for repeating measurements. Moreover, the usage of the modifier in the optimized conditions for the temperature programming mode is usually smaller than that for the gradient mode. On the contrary, modifier gradient technique brought about the comparable resolution to that in temperature programming technique in a shorter measuring time.
